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Diverse hydrogen chemistry with perspectives
for energy storage
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The chemistry of hydrogen and its interaction with matter is remarkably diverse with new discoveries and

materials continuously being uncovered. New types of chemical bonding and interactions allow for the

preparation of new compounds with unusual compositions and properties. For instance, neutral hydrogen

molecules may spontaneously form penta-dihydrogen clusters, (H2)5, in nanoporous materials with

extremely dense packing, similar to metallic hydrogen at high pressure. Hydrides with extreme hydrogen

densities – ‘superhydrides’ – have yielded record critical temperatures under pressure and now guide routes

toward low-pressure high-temperature hydride superconductors. A well-known weak interaction identified

in biological matter, the hydrogen bond, has an inorganic analogue: the dihydrogen bond. These two

interactions have very similar bond lengths and bond strengths that are known to produce flexible and

relatively open structures, which often have interesting functionalities. Recently, the di-hydrogen bond has

come into focus for development of fast divalent magnesium and calcium cationic conductors. In this

review, we highlight key advances in the synthesis and characterisation of novel hydrogen-based materials

and illustrate how the compositional and structural versatility of hydrides leads to new functionalities.

Hydrides are highly relevant materials with a diversity of energy applications such as solid-state hydrogen

storage, solid-state batteries and superconductors, as well as future global hydrogen transportation.

1. Introduction

Hydrogen is the lightest and simplest element and exists as the
smallest molecule with only two electrons. However, hydrogen
can interact with other elements and compounds by forming a

wide variety of bonding types spanning stronger covalent, ionic
and metallic bonding along with different types of weaker inter-
actions. In this highlight, we discuss how these weak inter-
actions can lead to new materials and properties, which may
help address global challenges such as solid-state energy storage.
In addition, stronger interactions may provide hydrogen-based
energy storage in the solid-state for mobile applications and large-
scale energy transportation.1–7

Complex hydrides can be synthesised from some late transi-
tion metals, i.e. Fe, Ni and Co,8,9 and some p-block elements,
such as boron, aluminium and nitrogen.4,7,10 In particular,
boron-based materials have received significant interest over
the past decade owing to their fascinating structural chemistry
and diversity of compositions and properties.10 Many of these
compounds have very high hydrogen densities with potential
for solid-state hydrogen storage. Ammonium borohydride,
NH4BH4, which is isoelectronic to natural gas, has attained
significant attention owing to its extreme gravimetric hydrogen
density.11,12 The physical and chemical properties of this
material can be modified by additional reactions with more
stable metal borohydrides, M(BH4)x, to form (NH4)yM(BH4)x.13

Other types of compounds with extremely high hydrogen con-
tent can also be produced under high pressure (41 GPa), called
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‘superhydrides’. Some of these compounds have unique pro-
perties such as high-temperature superconductivity.14

Recently, weak interactions and low dimensional frame-
works have been shown to have structural flexibility and very
high divalent cationic conductivity. The progress in the field
has been partially driven by the successful development of new
synthesis strategies, e.g. combining several approaches such as
solvent-based methods, solid–gas reactions and also mechano-
chemistry methods, enabling reactions under more extreme
conditions, i.e. high temperature and pressure.15

Dihydrogen interactions, Hd�� � �Hd+, can occur between
partly positively charged hydrogen, Hd+ bonded to N, and partly
negatively charged hydrogen, Hd� bonded to B, as found in
ammine metal hydroborate structures (Fig. 1).16 A theoretical
investigation of dihydrogen bonds revealed that N–Hd+� � ��dH–B
in Mg(BH4)2�NH3 has a bond energy of B20 kJ mol�1 and bond
lengths of B2 Å.17 This is very similar to hydrogen bonds
known from biological matter, i.e. proteins, DNA, and mem-
branes. Initially, dihydrogen interactions were considered as a
means to tune hydrogen release from solids. However, there is
no direct relation between dihydrogen bond strength (energy),
N–Hd+� � ��dH–B, in the solid-state and the composition of the
released gas from ammine metal borohydrides.18

Nanoporous materials are potential candidates for hydrogen
gas storage, due to their high surface area and tuneable pore
structure. In contrast to absorption, where a chemical inter-
action occurs between the hydrogen atom and a material,
adsorption involves the binding of hydrogen molecules to the
internal surfaces of porous solids through van der Waals
interactions,19 which is typically fast and readily reversed when
the applied hydrogen pressure is removed.20

2. Porous materials for hydrogen
adsorption

Molecules can adsorb to an interface by weak dispersion/van
der Waals interactions,19 which are proportional to the number
of electrons and the molecular surface area. Thus, molecular

hydrogen (H2), the smallest molecule of all with only two
electrons, forms the weakest dispersion interactions with solid
matter. A wide variety of adsorptive materials, including carbons
such as graphite and nanotubes, activated carbons (AC), covalent
organic frameworks (COFs), and metal–organic frameworks
(MOFs),20,21 among others, have been investigated. Pore size
and pore volume affect the hydrogen storage capacity since
micropores (o2 nm) increase the binding potential, while
mesopores and hierarchical structures facilitate hydrogen dif-
fusion and access, balancing storage density and kinetics.21

2.1. Challenges for storing hydrogen in porous materials

While hydrogen storage in porous materials generally requires
less costly heat management than intermetallics, and some
materials such as carbon are abundant and relatively inexpen-
sive, there are still several disadvantages. The inherently low
enthalpy of adsorption, typically around �4 to �8 kJ mol�1 for
physisorption in materials such as activated carbons and many
MOFs, requires a low or cryogenic temperature, usually 77 K,
to obtain usable hydrogen capacities. This increases system
costs through additional energy requirements of cooling and
the supply of liquid nitrogen which increases the complexity of
the storage system. This leads to the need for tank insulation
and further heat management, thereby reducing the economic
feasibility of large-scale implementation.

The cost of materials, due to their synthesis and processing
can also be high. While activated carbons can be typically
produced relatively inexpensively from biomass or synthetic
precursors, metal-organic frameworks (MOFs) and covalent
organic frameworks (COFs) often rely on costly organic linkers
and metals.22,23 Typical MOFs such as MOF-524 or HKUST-125

have promising storage capacities in laboratory experiments,
but the cost of raw materials and the complexity of the synth-
esis processes when scaling to commercial quantities are still
too high.26 Suggested methods for industrial-scale MOF pro-
duction to improve sustainability and reduce energy costs have
included assessment of MOF life cycles as well as the compo-
nent costs, toxicity, safety, washing and activation.23

The authors have for decades shared an interest in metal hydrides
as ‘energy materials’. They have synthesised a wide range of new
intriguing hydrogen-based materials with interesting structures
and compositions, including new types of bonding and hydrogen
interactions with matter. These materials also have a variety of
interesting properties that range from superconductivity, nanoscale
porosity and outstanding divalent cationic conductivity, to solid-
state hydrogen storage. There are also potential new applications
of these materials in large scale, long-range solid-state energy
storage, hydrogen compression and novel types of solid-state
batteries based on abundant divalent metals, such as
magnesium, calcium or zinc. These authors play a leading role in
the hydrogen community by organising major conferences and
summer schools and participating in the International Energy
Agency hydrogen related tasks. Here, we illustrate that hydrogen
is an important element for the future.

Group photo
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The volumetric capacity of porous materials is typically low,
although the gravimetric capacity can be significant due to high
surface areas. Volumetric hydrogen capacity, which is more
important for mobile applications such as fuel cell vehicles, is
limited by the low density of many porous materials. The
porous material can be compacted or densified by pressing
into discs or pellets; however, this can reduce the porosity and
restrict the diffusion of hydrogen gas.27 Nanoporous materials
adsorb hydrogen readily at low pressures; consequently, the
majority of the hydrogen capacity is only released when the
pressure is substantially reduced, typically lower than that
required by fuel cells, meaning that the usable capacity is
much lower than the full laboratory capacity reported in the
literature.21 This may be improved by applying temperature–
pressure swings, increasing the temperature of the vessel to
increase the hydrogen back pressure to a usable value for a
fuel cell.28

In addition, repeated adsorption–desorption cycles can damage
the structural stability of some materials such as MOFs. For
example, under mechanical stress due to the pelletisation
necessary in the forming process, the porous framework of
some MOFs may collapse or pores can be blocked, reducing the
cycling capacity and operational lifetime.29 Research on more
robust frameworks, particularly those with strong metal–ligand
bonds, is on-going. Forming composite materials, where MOFs
are combined with polymers or carbons, has been proposed
to improve structural integrity while retaining a high surface
area.20,30

At the system level, managing the application and removal
of heat during adsorption and desorption, respectively, is
another challenge for reducing costs. Efficient thermal manage-
ment allows the maintenance of equilibrium pressures and
prevents delays in fuelling and discharging.

2.2. Pore size, hydrogen density and increasing the hydrogen
capacity

The relationship between pore size, hydrogen density, and
overall storage capacity has been the subject of intensive
investigation.28 Hydrogen adsorption is strongly influenced by
confinement effects: at low pressures in narrow micropores
(o1 nm), the overlap of potential energy fields from pore walls
increases the binding energy compared to flat surfaces, effec-
tively increasing local hydrogen density. At higher pressures,
the maximum uptake is approximately proportional to the total
pore volume.

The total hydrogen capacity is determined by the area of the
surface and the volume of pores available to hydrogen mole-
cules, as well as the interaction of the hydrogen with the surface
material under the applied pressure and temperature condi-
tions. For adsorption largely defined by surface interactions,
the excess hydrogen adsorption (the amount of hydrogen
adsorbed on a material’s surface beyond what would occupy
the same pore volume as compressed bulk gas) scales with the
surface area and has a maximum of approximately 1 wt% per
500 m2 g�1 at 77 K, known as Chahine’s Rule,31 see Fig. 2. The
maximum uptake at cryogenic temperatures typically occurs at
hydrogen pressures of 20–50 bar. For microporous materials,
the pore dimensions affect the density of hydrogen stored in the
pore volume. Experimental studies employing the same porous
activated carbon and carbide-derived carbon (but with different
pore diameters) indicate that mesopores (pore sizes 4B25 nm)

Fig. 1 (A) A di-hydrogen bond formed between partly negative hydrogen
bonded to boron and partly positive hydrogen bonded to nitrogen. (B) The
’empty’ nanoporous structure of g-Mg(BH4)2. The structure contains 1D
channels of B9 Å diameter with apertures of B5.8 Å. (C) The hydrogen
molecules form directional hexa-hydrogen bonds, (B–Hd�)2� � �H–
H� � �(Hd�–B)2 with partially negatively charged hydrogen in the nanopor-
ous framework (calculated with density functional theory methods).
(D) Penta-dihydrogen clusters in the structure of g-Mg(BH4)2�2.33H2

formed by five hydrogen molecules, (H2)5. Three hydrogen molecules
(purple) in the penta-dihydrogen clusters are also forming hexa-hydrogen
bonds, whereas the other two (red) only interact with the porous frame-
work via weak dispersion interactions and behave as free rotors that rotate
freely around their centre of mass. Colour code: boron is green and BH4

�

is shown as a tetrahedron, hydrogen is white and magnesium is shown as
larger grey spheres. Fig. 1C and D are adapted from reference no. 47 with
permission from Springer, Nature Chemistry, Volume 16, 2024, 809–816,
copyright 2026 under a Creative Commons Attribution 4.0 International
License.

Fig. 2 Excess gravimetric hydrogen uptake for various MOFs at 20 bar or
above and 77 K (data shown as circles). For comparison, the data for
the best zeolite and activated carbon (AC) are also included (data shown as
squares). The slope is approximately 1 wt% per 500 m2 g�1, showing
Chahine’s Rule. Adapted from Broom et al.20 with permission from
Springer, Applied Physics A, Volume 122, 2016, 151, copyright 2026 under
the terms of the Creative Commons Attribution 4.0 International License
(https:/creativecommons.org/licenses/by/4.0), with additional data from
Li et al.34 and Ahmed et al.35
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contribute very little to the hydrogen storage capacity and the
majority of hydrogen is stored in micropores below 1.5 nm.32

Overall, pore sizes of 0.6–0.7 nm give the optimal uptake per unit
surface area.33

For a typical (rigid) microporous material, increasing the
pressure of hydrogen increases the hydrogen content until a
saturation is reached, yielding the type I isotherm. Higher
temperatures reduce the adsorption capacity, and therefore,
higher pressures are required to reach saturation. The density
of hydrogen in the pores at the maximum capacity depends on
both temperature and the nature of the gas–solid interaction.
Efforts to determine the average density of hydrogen in a micro-
porous material involve high pressure adsorption measurements
substantially beyond the maximum capacity. At hydrogen
pressures greater than that needed for saturation, a linear
relationship between excess uptake and gas density allows the
determination of the volume of the adsorbate, and hence the
average density. For MOF materials at 77 K and pressures up to
4 MPa, the average density of hydrogen in the micropores was
determined to be 50–70 g H2 L�1, approaching the density of
liquid hydrogen, 71 g L�1.36 More recently, much higher
pressures, up to 2000 bar, have been employed to investigate
the hydrogen density in activated carbon at ambient tempera-
ture, yielding an average adsorbate density of 44.7 g H2 L�1

(compared to 38.7 g H2 L�1 for pure hydrogen gas at that
pressure). This lower value reflects the much higher tempera-
ture (cf. 77 K), but still indicates that a higher capacity than that
due to pressure alone is possible in porous materials at
ambient temperature if the pressure is sufficiently high.37

Strategies to increase storage capacity of hydrogen physi-
sorption include maximising a material’s surface area, increasing
pore volume and tailoring pore size distributions, introducing
functional groups to strengthen interactions, doping with metal
ions, catenation and incorporating open metal sites within MOFs.
Open metal sites provide localised electrostatic interactions,
which can increase adsorption enthalpies to greater than
�15 kJ mol�1.38 Materials such as Co-based SNU-15 MOF with
open Co(II) sites have demonstrated this effect, although the
hydrogen uptake is only 0.74 wt% owing to the low density of
metal sites.39 Additionally, doping carbon materials with
heteroatoms such as nitrogen or boron has been reported to
enhance hydrogen affinity and increase binding energies,
thereby improving low-pressure storage capacities.40

Another promising direction involves densification of
porous powders into monoliths or pellets without significantly
reducing accessible pore volume,41,42 which can improve
volumetric capacity while retaining the gravimetric capacity.
In addition, advanced shaping methods, including sol–gel
synthesis43 and 3D printing,44 have enabled the fabrication
of mechanically stable adsorbents with tuned and optimised
pore networks.43

Molecular simulations, including Grand Canonical Monte
Carlo (GCMC) and density functional theory (DFT) calcula-
tions,45 have been pivotal in predicting optimal pore environ-
ments and guiding synthetic efforts. By screening large libraries
of hypothetical MOFs, computational studies have revealed that

the best-performing materials often feature ultramicropores
combined with high densities of adsorption sites. Integration
of computational design with experimental synthesis is thus a
key avenue toward discovering materials that maximise hydro-
gen density.

It was shown in 2011 that porous materials can also consist of
hydrides: a porous magnesium tetrahydridoborate, g-Mg(BH4)2,
framework has small pores and a unique partially negatively
charged non-flat interior capable of reversibly adsorbing small
guest molecules such as nitrogen, hydrogen and dichloro-
methane.46 More recently, this material was investigated
for hydrogen and nitrogen uptake by using neutron powder
diffraction, volumetric gas adsorption, inelastic neutron scat-
tering, and first-principles calculations.47 g-Mg(BH4)2 has
ca. 30% void space in the solid crystal and contains a 3-dimen-
sional network of channels with a pore diameter of B9 Å and
smaller openings (apertures) of B5.8 Å, which enables the
adsorption of smaller molecules.46 This porous substance,
g-Mg(BH4)2, is distinguished from other porous matter by
having a partially negative inner surface formed by B–Hd�–Mg
bonds. Surprisingly, B3.5 times more hydrogen can be adsorbed
in this framework than nitrogen, resulting in the compositions,
g-Mg(BH4)2�2.33H2 or g-Mg(BH4)2�2/3N2.47 Powder neutron dif-
fraction experiments have revealed extremely dense packing of
hydrogen molecules (H2), which form trigonal bipyramidal units,
denoted penta-dihydrogen clusters, (H2)5, within the channels.
This packing structure leads to adsorbed H2 densities up to
B144 g H2 L�1 at 25 K, which is about twice that of liquid
hydrogen (71 g L�1).47 This corresponds to 8.0 wt% dihydrogen
adsorbed in the porous substance and a total hydrogen content
of 21.7 wt%. Furthermore, the first two hydrogen molecules
adsorbed in each penta-dihydrogen cluster interact with the
solid-state structure via non-directional dispersion forces (van
der Waals interactions), and these molecules can rotate freely
about their centre of mass. This is in contrast to the three
following H2 molecules in the penta-dihydrogen clusters, (H2)5,
which are bound with well-defined directional bonds and
are located slightly closer to the lattice structure in porous
g-Mg(BH4)2. An interaction between molecular hydrogen and
the partially negatively charged lattice structure, B–Hd�� � �H2, is
created. New types of hexa-hydrogen bonds are formed,
(B–Hd�)2� � �H–H� � �(Hd�–B)2, which contribute to the very dense
packing of molecular hydrogen.47 Neutron diffraction reveals
that dihydrogen is adsorbed close to the covalently bound
hydrogen in the porous host structure (shortest distance,
H� � �H2 of 2.69 Å) and there is a very short distance between
the molecules of the penta-dihydrogen units as H2� � �H2 of
2.64 Å.47 This can be compared to solid hydrogen in which the
distance between dihydrogen molecules, H2� � �H2 is 2.66 Å at a
pressure of 5.4 GPa.48 The high H2 density in the pores was
attributed to the anisotropic shape of the H2 molecules
normally seen at near-ambient pressures as close-packed
spheroids. In contrast to hydrogen, nitrogen molecules are
located in the middle of a pore, as far from the host structure
as possible, whereas hydrogen prefers to be closer to the
hydridic apertures. Nitrogen and hydrogen have a similar
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kinetic diameter, d(H2/D2) = 2.89 Å and d(N2) = 3.64 Å, which
hints towards specific interactions between the negatively
charged framework and neutral molecules. Moreover, macro-
scopic measurements of nitrogen and hydrogen gas adsorp-
tion in the porous substance, g-Mg(BH4)2, provided very
dissimilar results owing to the distinct adsorption sites of
these gasses. The calculated Brunauer–Emmett–Teller (BET)-
specific surface area for g-Mg(BH4)2 determined from an N2

isotherm measured at 77 K is only SBET(N2) = 610 m2 g�1,
whereas a H2 isotherm (measured at 20 K) gives the result
SBET(H2) = 1787 m2 g�1. This highlights the probe-molecule
dependence of BET analysis in small-pore frameworks, where
H2 and N2 access distinct adsorption sites.47 Interestingly,
larger molecules, such as ethane and noble gasses are capable
of entering the pores reversibly, despite having very different
kinetics.49,50

It was argued that porous g-Mg(BH4)2 is the first step
towards a new class of nanoporous materials resembling flexible
metal–organic frameworks (MOFs).46 The similarity of these
frameworks to MOFs provides a route to novel hybrid materials,
where the combined use of tetrahydridoborate complexes,
BH4

�, with other directional ligands may produce new porous
materials. This could include materials with a high hydrogen
storage density like that demonstrated by g-Mg(BH4)2. In parti-
cular, the same framework topology is observed for g-Mg(BH4)2

and zinc imidazolate framework ZIF-72, and thus prompts the
combined use of BH4

� and imidazolate ions as ligands. Hence,
attempts have been made to extend the family of hydridic porous
solids by combining imidazolates (ligands known to build stable
frameworks) and complex hydrides, yielding hybrid hydrides
with unexpected dynamical properties.51 More complex ligands
combining hydridoborates and imidazolates have also been
explored.52

2.3. Future prospects for porous materials

Currently, porous materials suffer from low storage capacity
under ambient conditions and the requirement for expensive
cooling or high pressures, poor stability of some materials,
particularly after densification or many cycles of hydrogen
release and uptake, costs of synthesis and upscaling, low
volumetric capacities and system integration challenges, such
as low thermal conductivity and compatibility with existing
infrastructure.

To improve storage capacity, many MOFs, COFs and PAFs
(porous aromatic frameworks) can be tuned to optimise pore
size and chemistry, as well as some carbon materials such as
carbide-derived carbons, activated and other porous carbons.53

Techniques such as sol–gel synthesis, hydrothermal synthesis,
and chemical vapor deposition,54 as well as 3D-printing,44

enable precise pore size distributions. Current research devel-
oping adsorbents with enthalpies near the optimal range
of B�15 to �25 kJ mol�1, which could enable storage under
near-ambient conditions, might reduce or eliminate the need
for cryogenic cooling. An enthalpy of �21 kJ mol�1 for an MOF
with exposed vanadium(II) sites has been reported.55 An imine-
based COF with incorporated copper(II) has been found to

reversibly adsorb H2 above room temperature with an enthalpy
of hydrogen adsorption of �15 kJ mol�1 (ref. 56) and a range of
enthalpies from �23 to �33 kJ mol�1 have been reported for a
Cu-based MOF undergoing post-synthetic modifications with
different metals.57

Recent advances in continuous-flow synthesis of MOFs,58

including air–liquid segmented flow59 and droplet microfluidic
systems,60 as well as new techniques, such as the use of
artificial intelligence (AI) and improved packing arrange-
ments;61 and the use of cheaper, renewable carbon sources,
for example, biomass for porous carbons,62,63 may enable low-
cost scalable synthesis. In addition, recent studies of the effects
of densification by compaction have indicated that this can
result in higher volumetric capacity without structural damage
for MOFs such as UiO-66,42 ZIF-8,64 and HKUST-1.43 Repeated
cycling of activated carbons63 and MOFs, such as MOF-5,65

along with databases and rules and guidelines for MOF
design,66 also shows promise in the design and implementa-
tion of materials for long-term cycling.

For large-scale and commercial implementation, thermal
management, compact storage and the use of existing hydrogen
infrastructure will all need to be addressed. For thermal
management, improving the effective thermal conductivity
of the absorbent by adding a conductive material, such as
graphite67/expanded natural graphite (ENG),68,69 or graphene70

/graphene oxide,71 has proven effective, along with advances in
the engineering of thermal management systems, such as micro-
channel cooling plates and liquid nitrogen as a separate cooling
fluid.72 Hybrid approaches may provide further improvements.
Hybrid materials, such as LiBH4 in a porous scaffold of carbon
wrapped Fe3O4,73 MgH2 ball-milled with Ni/Fe based MOFs,74

and MOF-AC hybrids,75,76 generally provide higher capacity and/
or better hydrogen diffusion due to synergistic effects between
the two components. Hybrid techniques are also developments
that have the potential to facilitate more applications, for
example, cryo-adsorption coupled with cryo-compression has
the advantages of higher hydrogen capacity than adsorption or
compression alone, at a lower pressure than compression and a
higher temperature than cryo-compression.77

3. Solid-state hydrogen storage
3.1. High hydrogen content hydrides

During the past decade, novel classes of complex hydrides have
been reported, some of which have the highest known solid-
state gravimetric and volumetric hydrogen densities. This is
illustrated by a solid inorganic compound, ammonium tetra-
hydridoborate, NH4BH4, which is isoelectronic to natural gas
(CH4). The two compounds, CH4 and NH4BH4, have similar
gravimetric hydrogen densities (B25 wt% H2), although
NH4BH4 has a significantly higher solid-state volumetric density
of hydrogen with rV = 157 g L�1 (see Table 1). However, NH4BH4

is not stable and has a half-life of B6 hours owing to slow
conversion to the diammoniate of diborane ([(NH3)2BH2]BH4),
hydrogen and toxic gases such as ammonia and diborane.11,12,78
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This is in contrast to the decomposition of ammonia borane,
NH3BH3, which releases hydrogen through polymerisation via
polyaminoborane [NH2BH2]n (at 70–100 1C) and polyimino-
borane [NHBH]n (B150 1C) and finally to boron nitride (BN) at
temperatures approaching 500 1C.79 Quasielastic neutron scat-
tering of ammonium tetrahydridoborate, NH4BH4, reveals that
no reorientation dynamics are present in the low-temperature
ordered polymorph at T o 50 K (within the timescale 0.1 to
100 ps). However, the ammonium cation is more dynamic than
the BH4

� anions in the high-temperature (T 4 50 K) disordered
polymorph. Initially, NH4

+ exhibits tetrahedral tumbling, then
cubic tumbling towards isotropic rotational motion at increasing
temperatures.80 The highly dynamic structure contributes to the
low thermal stability.

Interestingly, it was found that NH4BH4 can be stabilised by
mechano-chemical reactions with metal tetrahydridoborates,
such as Ca(BH4)2, which forms a perovskite-type compound
NH4Ca(BH4)3.81 Ammonium calcium tetrahydridoborate, NH4-
Ca(BH4)3, is the first example of efficient stabilisation of
NH4BH4 since this compound decomposes to Ca(BH4)2�NH3BH3

and hydrogen at T B 100 1C.81,82

A variety of ammonium metal tetrahydridoborates with
new compositions and structure types have recently been dis-
covered.13,83 Full solubility is observed for MBH4–NH4BH4,
M = K, Rb, Cs, with formation of solid-solutions, (NH4)xM1�xBH4,
by cryo-mechano-chemical treatment. The ammonium metal
tetrahydridoborates stabilise NH4BH4 and suppress the
aggressive decomposition and possibly alter the decomposi-
tion pathway. However, the thermal stability decreases with
increasing ratios of NH4BH4 in the compounds owing to
increasing numbers of di-hydrogen bonds in the solid-state,
facilitating low temperature hydrogen elimination via di-
hydrogen bonds.84 The thermal stability of ammonium metal
tetrahydridoborates is governed by the Pauling electronega-
tivity of the metal, the structural dimensionality, the dihydro-
gen bond length, the relative amount of NH4

+ to BH4
�, and the

nearest coordination sphere of NH4
+. Hydrogen release of

ammonium metal tetrahydridoborates during constant heat-
ing often occurs in three steps, involving new intermediate

compounds, resulting in crystalline, polymeric, and amor-
phous materials.83

Ammonium metal tetrahydridoborates may have extreme
hydrogen densities even if they contain a transition metal (see
Table 1). The compound (NH4)3Mn(BH4)5 has an extremely
high gravimetric hydrogen content, rm = 17.6 wt%, but a record
high volumetric hydrogen density, rV = 154.4 (g L�1). This
latter value is more than twice the density of liquid hydrogen
(71.0 g L�1). Ammonium–ammonia hydrido-closo-borates,
such as (NH4)2B10H10�NH3 and (NH4)2B12H12�NH3 have recently
received attention due to their potential application as proton
conductors.85 This is owing to the formation of the complex
cation, N2H7

+, that is formed via a hydrogen bond between
NH4

+ and NH3.
However, although these new classes of hydrides possess

high hydrogen densities, and often release hydrogen under
moderate conditions, their rehydrogenation is not straightfor-
ward, and further research efforts are required. Another break-
through is the discovery of chemical reactions between
different hydrides and other compounds, which react to form
other compounds during the release of hydrogen that more
readily absorb hydrogen during the rehydrogenation process.
This research provides new opportunities for the design
and tailoring of novel functional materials with interesting
properties.

3.2. Hydrogen in high entropy alloys

High entropy alloys (HEAs) are a class of multi-component
metallic materials characterised by a high configurational dis-
order. They are defined as alloys containing five or more
elements with an atomic content of between 5 and 35 at%89

and a mixing entropy larger or equal to 12.5 J mol�1 K�1.90 They
offer tuneable thermodynamics and fast hydrogen sorption
kinetics. It has been found that, in addition to configurational
entropy, other entropic contributions (vibrational, magnetic
and electronic entropy), and enthalpies of mixing, could play
a significant role in the phase formation and stability of HEAs.
This unique composition leads to a complex crystalline struc-
ture with a high degree of disorder at the atomic level, which
gives HEAs their distinctive properties and makes them poten-
tially suitable for hydrogen storage applications. A key aspect is
the myriad of possibilities to customise the composition of
these alloys, potentially leading to the development of alloys
with excellent hydrogenation properties. In addition, light
and inexpensive elements can be incorporated into the compo-
sitions, reducing the weight of the alloys along with the cost,
and thus increasing the gravimetric hydrogen storage capacity.
The literature indicates that, depending on composition and
conditions, these alloys can incorporate large amounts of
hydrogen into their lattice structure through processes such
as interstitial solid solution formation or hydride formation.
Due to the increasing number of compositions and complexity,
a recent trend in the literature on HEAs is the use of modeling91

and machine learning (ML)92 for the prediction and/or optimi-
sation of properties,93 which can accelerate development and
optimisation of such high entropy hydrides.

Table 1 Volumetric, rV, and gravimetric, rm, hydrogen densities of selected
hydrogen-rich compounds compared to liquid hydrogen and natural gas
(CH4). Notice that volumetric and gravimetric hydrogen densities are related
to the material density, rV = rm � r. The approximate decomposition
temperature, Tdec, is provided for the solids

Compound rm (wt%) rV (g L�1) Tdec (1C) Ref.

H2(l) 100 71.0 — 86
CH4(l) 25.1 106.0 — 86
MgH2(s) 7.7 108.7 B330 87
LiBH4(s) 18.4 122.5 B400 88
NH3BH3(s) 19.6 143.6 70 79
NH4BH4(s) 24.5 157.0 a 11
NH4Li(BH4)2(s) 22.1 153.1 B52 83
(NH4)3Mg(BH4)5(s) 21.1 158.2 B35 83
(NH4)3Mn(BH4)5(s) 17.6 154.4 B50 83
(NH4)2Y(BH4)5�NH3(s) 17.0 144.3 — 83

a Metastable compound.
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The studies on HEAs for hydrogen storage focus on three
main groups: body-centred cubic (BCC) HEAs, lightweight
HEAs and intermetallic HEAs. These groups are related to the
traditional hydride-forming metal alloys and are influenced to
some extent by the knowledge gained so far. BCC HEAs94 and
intermetallic HEAs95,96 are named after the crystal structure
they form (BCC solid solutions and ordered intermetallic
structures). BCC alloys exhibit high hydrogen per metal ratios
and can accommodate up to 2 H per M by transforming into fcc
structures. Combining ML, DFT calculations and experiments,
Agafonov et al. successfully optimised the composition of a
Ti–V–Nb–Cr–Mo alloy and identified a promising HEA with a
capacity of 2.6 wt% and an enthalpy of hydride formation of
38 kJ mol�1 H2.97 The third group, light HEAs, does not refer to
a specific crystal structure, but to the presence of light ele-
ments, such as Mg, Al and Li in the HEA structure.98 Research
on lightweight HEAs is mainly focused on improving the
gravimetric hydrogen storage capacity by reducing the molar
weight of the alloys. Since light HEAs are not bound to a
specific crystal structure, they can contain HEAs with BCC,
fcc and intermetallic structures. Nevertheless, most of the light
HEAs reported so far crystallise in a BCC structure.

Overall, HEAs all have very high volumetric hydrogen density
(4100 g H2 L�1), which is superior to that of liquid H2, 70 g L�1.
They usually also have very fast kinetics for hydrogen release
and uptake, and they are considered safe storage media.99

Furthermore, the gravimetric storage capacity and the thermo-
dynamics for hydrogen release and uptake can be tailored. As
an example, the enthalpy of hydride formation for the equimo-
lar alloy Ti25V25Cr25Nb25 is DH = �51.6 kJ mol�1 H2,100 whereas
that of Ti25V30Nb10Cr31Mo4 is DH = �40 kJ mol�1 H2 and this
alloy stores 2.24 wt% H2 reversibly at room temperature.101

3.3. Reactive hydride composites for reversible hydrogen
storage under moderate conditions

Classical interstitial metal hydrides exhibit favourable volu-
metric hydrogen storage densities; however, the reversible
gravimetric storage capacity under gas-phase loading of such
hydrides is typically limited to approximately 2 wt% under
practical conditions.102,103 Such a value is insufficient for most
mobile applications. In contrast, Mg-based hydrides such as
MgH2 and Mg2FeH6 display significantly higher reversible
gravimetric storage capacities of approximately 7 and 5 wt%,
respectively.104,105 Notably, Mg2FeH6 possesses one of the high-
est volumetric storage densities reported, reaching 150 g
H2 L�1.106 Despite these advantages, Mg-based hydrides suffer
from unfavourable thermodynamics as their high hydrogena-
tion enthalpies hinder large-scale implementation, even
though kinetic limitations can be partly mitigated through
suitable additives.107,108

The discovery of reversible hydrogenation in Ti-doped NaAlH4
109

initiated intensive research in the discovery and exploration of
numerous new lightweight complex hydrides with markedly
improved gravimetric storage densities. LiBH4 has been parti-
cularly noteworthy owing to its exceptionally high gravimetric
hydrogen content of 18.5 wt%.110 Unfortunately, both the

hydrogenation and dehydrogenation kinetics of such high-
capacity complex hydrides remain insufficient for practical
use. Partial rehydrogenation of LiH and B to form LiBH4

requires very harsh conditions of 350 bar and 600 1C.111

To overcome these challenges, Barkhordarian et al.112 demon-
strated that rehydrogenation of tetrahydridoborate is consider-
ably more feasible when lightweight hydrides such as LiH,
NaH or CaH2 are combined, for example, with MgB2 rather
than pure B. In such cases, instead of the thermodynamically
hindered reaction (1), reaction (2) occurs at significantly lower
temperatures and pressures, while reversible dehydrogenation
reaction also proceeds under milder conditions. The use of
layered MgB2 instead of icosahedral B plays a key role in
facilitating hydrogen uptake and formation of the tetra-
hydridoborate.113

xMH2/x + 2B + 3H2 - xM(BH4)2/x (1)

xMH2/x + MgB2 + 4H2 - xM(BH4)2/x + MgH2 (2)

As early as 2004, enhanced reaction kinetics and thermo-
dynamics in 2LiBH4/MgH2 composites were reported as com-
pared to their single-phase counterparts.114 Such composites
are denoted reactive hydride composites (RHC) and are illu-
strated in Fig. 3. A critical limitation, however, of such LiBH4/
MgH2 composites remains: the high dehydrogenation tem-
perature of more than 350 1C. Nanoconfinement strategies
have since reduced hydrogen release temperatures to below
300 1C.115,116

Furthermore, replacing MgH2 in this composite with the
thermodynamically less-stable Mg2NiH4 demonstrated a
mutual destabilisation effect with LiBH4 lowering the operating
temperature to 270 1C, below the melting temperature of
LiBH4.117–119

Subsequent studies revealed that further optimisation is
possible using different types of transition metal-based
additives which promote nucleation, maintaining structural
integrity of the nanocomposite and thus enabling faster hydro-
genation and dehydrogenation kinetics under more moderate
conditions.120,121

Fig. 3 Illustration of reactive hydride composites (RHC). Initially the
hydrides release hydrogen and then react and form a new compound.
This new compound may facilitate hydrogen uptake as compared to the
individual hydrides.
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An alternative destabilisation approach was also reported in
2005.122 These materials exhibited surprisingly low hydrogen
release and uptake temperatures of 170 1C for Mg(NH2)2/2LiH
composites and reasonable reversibility under gas-phase load-
ing. However, the reaction kinetics at 170 1C remained slow, with
rehydrogenation times of almost 2 hours. However, the addition
of small amounts of LiBH4 dramatically improved kinetics with
rehydrogenation occurring within 12 min with the addition of
0.5 mol of LiBH4 to 6 mol Mg(NH2)2 + 9 mol LiH. Higher
amounts of LiBH4 (1 or 2 mol) in this composite lead
to shortened rehydrogenation times of 8 min and 4 min,
respectively.123 Further increases in the LiBH4 content accel-
erated the reaction rates even at near-ambient temperatures.
In the 6Mg(NH2)2 + 9LiH + 12LiBH4 composite, Wang et al.
could demonstrate hydrogenation at temperatures as low as
53 1C with a rehydrogenation time of 5 hours at 98 1C.124 This
kinetic destabilisation was accompanied by thermodynamic
destabilisation as the equilibrium plateau pressure at 187 1C
increased from 20 bar for the binary 6Mg(NH2)2 + 9LiH system
to almost 100 bar in the case of the 3-component 6Mg(NH2)2 +
9LiH + 12LiBH4 system. Recent work suggests that further
optimisation is possible by increasing the LiBH4 content.

Although most complex hydrides suffer from sluggish
kinetics at moderate temperatures, these studies highlight the
potential of using reacting mixtures of hydrides to tailor both
thermodynamic and kinetic properties of lightweight and
complex hydride-based materials as a promising alternative
strategy for hydrogen storage materials design.

3.4. Solid-state hydrogen storage and transport

Sodium tetrahydridoborate, NaBH4, is a vital reducing agent in
numerous organic chemistry syntheses but is also a well-known
hydrogen-rich material.10,125 Over the last 20 years it has been
widely investigated for hydrogen storage purposes, but it typi-
cally requires high temperatures (4500 1C) for hydrogen
release and extreme conditions for rehydrogenation.126–129

Alternatively, hydrogen release can be obtained from NaBH4

at room temperature using hydrolysis or methanolysis reac-
tions, which were first reported in 1953:130

NaBH4 + 2H2O - NaBO2 + 4H2 (3)

NaBH4 + 4CH3OH - NaB(OCH3)4 + 4H2 (4)

The hydrolysis reaction is typically catalysed by metallic
nanoparticles for controlled rapid rates of hydrogen gas
release.131–133 The simplicity of sodium borohydride hydrolysis
has marked it as a potential hydrogen carrier for energy
export.134 Here, the cost of hydrogen export from Australia to
Japan using powdered NaBH4 ($4.40 USD per kg H2) could be
lower than that using ammonia ($5.50 USD per kg H2), liquid
organic hydrogen carriers ($5.90 USD per kg H2), or liquid
hydrogen ($7.10 USD per kg H2).134 These costs include the
renewable production of the hydrogen and the carrier, along
with transport and reconversion costs. Another cost-efficient
aspect of the process is that the thermodynamics for the
hydrolysis and methanolysis suggest that high hydrogen

pressure is possible, and it has been demonstrated that up
to 1000 bar H2 has been generated, which is comparable to
mechanical compression technology.134

If NaBH4 is to become a hydrogen export material, a green,
low-cost regeneration method from the NaBO2 hydrolysis pro-
duct to NaBH4 must be realised. This excludes the typical
synthesis method using the Brown–Schlesinger or Bayer pro-
cesses, as the starting materials are B(OCH3)3 and Na2B4O7�
7SiO2, respectively.135 Since 2003, regeneration using thermo-
chemical, mechano-chemical and electrochemical techniques
has been demonstrated.132,136 The highest yields have been
achieved using magnesium or magnesium hydride as a reactant
with the formation of MgO, although Si, Al, Mg17Al12, Mg2Si,
Na2CO3 and other additives have also been reported.136,137 For
the thermochemical method, temperature is the main barrier
in the process, with 600 1C at a H2 pressure of 70 bar being
required to achieve a 97% yield,138 although a H2 pressure of
21 bar at 600 1C has also shown to be effective to achieve 90%
conversion.139 Mechano-chemistry at room temperature under
an argon or hydrogen atmosphere can also achieve high yields,
but long milling times are required.136 This method may also
suffer from scale up issues due to the ball to powder ratio
required and limited size of mills. Electrochemistry processes
are carried out in an electrochemical cell which consists of an
anode and a cathode according to eqn (5) and (6) below:

Cathode: BO2
� + 6H2O + 8e� - BO4

� + 8OH� (5)

Anode: 8OH� - 4H2O + 2O2 + 8e� (6)

There have been several publications on the electrochemical
synthesis of NaBH4 using various electrolytes, membranes and
electrodes, but replication of these data has been reported to be
difficult.136,140 One important aspect to overcome is preventing
the decomposition of water into hydrogen and oxygen, while at
the same time improving electron efficiency to reduce costs.
Once the cost-effective synthesis of NaBH4 has been achieved,
the extraction of the NaBH4 powder from residual NaBO2 must
also be optimised given their similar solubilities in water and
general insolubility in aprotic solvents.141,142

4. Solid-state battery materials,
hydrides as electrolytes
4.1. Overview

Traditional oxides and halides often have close-packed struc-
tures and only have cationic conductivity at very high tempera-
tures owing to defect formation. New classes of hydridoborate-
based materials have been discovered during the past decade,
which have more open and flexible structures. These hydrides
provide new routes to create fast cationic conducting materials
as functional solid-state battery materials. Simultaneously, it
has become clear that several new phenomena in the solid-state
can enhance the ionic conductivity for this class of materials.
Impressively, this can lead to novel fast cationic conductivity of
divalent cations at moderate temperatures (T o 100 1C).
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Lithium tetrahydridoborate was recognised as a fast lithium
ionic conducting material in 2007, but only at T 4 B110 1C,
owing to a polymorphic transition forming the disordered high
temperature variant, h-LiBH4 (with a hexagonal structure).143

This polymorph can be stabilised at room temperature by anion
substitution resulting in the formation of solid solutions,
LiBH4–LiX, X = Cl, Br, I, reaching high Li+ conductivities. The
high conductivity was assigned to anionic dynamics in the
solid-state.144

4.2. Hydroborate-based magnesium electrolytes

An ammonia derivative of magnesium tetrahydridoborate,
Mg(BH4)2�NH3, was discovered recently, with a relatively open
structure consisting of one-dimensional zig-zag chains of
–BH4–Mg–BH4–Mg– running along the b-axis with one terminal
and two bridging BH4

� complexes. The chains are interlinked
by dihydrogen bonds, B–Hd�� � �+dH–N, created by partly posi-
tively charged hydrogen bonded to nitrogen and partly
negatively charged hydrogen atoms bonded to boron. Dihydro-
gen bonds are the inorganic analogue to hydrogen bonds found
in most biological matter with the same bond length (B2 Å)
and strength (B20 kJ mol�1).17 The monoamine, Mg(BH4)2�NH3,
derivative of the series of compounds, Mg(BH4)2�xNH3, x = 0, 1,
2, 3, 6, has the highest Mg2+ conductivity, s(Mg2+) = 3.3 �
10�4 S cm�1 at 80 1C, which is approximately 8 orders of
magnitude higher than that of Mg(BH4)2.145

DFT calculations reveal that the fast cationic conductivity is
owing to the weak di-hydrogen interactions, flexible coordina-
tion of the BH4

� complex, and exchange of the neutral mole-
cule, ammonia (NH3), between interstitial and framework
magnesium. This is considered a new mechanism for cationic
conductivity denoted ‘ligand-assisted cationic conductivity’,
which is unique for hydridoborate-based electrolytes.17

Surprisingly, mixing any two compounds in the series,
Mg(BH4)2�xNH3, x = 0, 1, 2, 3, 6, increases the conductivity by
one to three orders of magnitude. In addition, the composite
0.4Mg(BH4)2�NH3–0.6Mg(BH4)2�2NH3, has a rather low eutectic
melting point (T B 55 1C). Also, the addition of larger amounts
of inert, insulating nanoparticles, e.g. Al2O3 (B75 wt%), stabi-
lises the molten phase to become a solid at room tempera-
ture.145 Micrographs show that the molten phase is distributed
over the nanoparticles as a surface layer, but the dynamic
properties of the molten state are preserved providing high
conductivity at low temperatures, e.g. s(Mg2+) B 2.5� 10�5 S cm�1

at T = 22 1C for the composite, 0.4Mg(BH4)2�NH3–0.6Mg(BH4)2�
2NH3–Al2O3, denoted Mg(BH4)2�1.6NH3–Al2O3.146 This pheno-
menon also increases the conductivity of divalent cations, at low
temperatures, which is otherwise very difficult to achieve. These
nanocomposites exhibit good mechanical and thermal stability
and benefit from nanoconfinement strategies that preserve inter-
facial dynamics and enhance divalent-ion transport. A nano-
composite material was recently demonstrated as a functional
electrolyte for an inorganic solid-state magnesium battery using
Mg-metal as the anode, layered titanium disulfide (TiS2) as an
intercalation cathode, and a nanocomposite as electrolyte,
Mg(BH4)2�1.6NH3–MgO (75 wt%).147

Multiple derivatives of magnesium tetrahydridoborate have
been investigated recently containing neutral molecules, which
can introduce weak interactions (dispersion/van der Waals)
between apolar molecular moieties along with dihydrogen
bonds between partly positive and partly negative hydrogen
atoms. A series of new compounds have been discovered, e.g.
Mg(BH4)2�xCH3NH2, x = 1, 3, 6,148 Mg(BH4)2�x(CH2)4O, x = 0, 2/
3, 2, and 3 ((CH2)4O, tetrahydrofuran, THF),149 and Mg(BH4)2�
x(CH3)2CHNH2, x = 1, 2, 3 (isopropylamine, IPA).150 It has been
noted that compounds with layered (two-dimensional) or
chain-like (one-dimensional) structures often have the highest
cationic conductivity. The structures of these materials are
dominated by polar covalent bonding explaining their extre-
mely low electronic conductivity (se o 10�12 S cm�1 at RT). The
weak bonding introduces structural flexibility, which promotes
record high conductivity of divalent cations, e.g. s(Mg2+) B
1.5 � 10�4 S cm�1 at RT of b-Mg(BH4)2�CH3NH2 (Fig. 4).148

Metal tetrahydridoborates also have very high ionic selectivity,
i.e. only one type of ion is mobile in the material, observed as
very high cationic transport numbers (t+ B 1).

The nanocomposite, Mg(BH4)2�1.5THF–MgO, displayed very
high conductivity, s(Mg2+) B 10�4 S cm�1 at 70 1C, and a high
ionic transport number of t+ = 0.99, and cyclic voltammetry
revealed an oxidative stability of B1.2 V vs. Mg2+/Mg.149 The
electrolyte was stable towards magnesium electrodes, which
allowed for stable Mg plating/stripping for at least 100 cycles at
55 1C. The first rechargeable inorganic all-solid-state magnesium
battery was presented using this electrolyte: Mg | Mg(BH4)2�
1.5THF–MgO | MgyTiS2.149 These new derivatives of magnesium
tetrahydridoborate display the highest Mg2+ cationic conductivities
at moderate temperatures among all known solids and have an
extremely large structural and compositional diversity and offer
continued possibilities for the discovery of new compounds.1

Fig. 4 Magnesium ionic conductivity as a function of temperature for
derivatives of magnesium tetrahydridoborate. Raw data presented in Fig. 4
are published in ref. 17, 145 and 148.
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Several derivatives of lithium tetrahydridoborate have also
been investigated, such as LiBH4�0.5NH3 and LiBH4�CH3NH2,
with fast Li+ ionic conductivity.151 A nanocomposite LiBH4�
0.5NH3–Li2O–Al2O3, achieved a high conductivity of s(Li+) =
1.1 � 10�3 S cm�1 at T = 30 1C.152,153 A new solid-state
rechargeable lithium battery was assembled, Li | LiBH4�
CH3NH2 | TiS2 (battery voltage 2.1 V), based on a LiBH4�
CH3NH2 electrolyte with a conductivity of s(Li+) = 1.24 �
10�4 S cm�1 at RT.154

However, the most remarkable findings are the extremely
high calcium cationic conductivity of some derivatives of
calcium tetrahydridoborates, which are approaching the rele-
vant values of solid state batteries. A series of urea calcium
tetrahydridoborates were recently discovered, Ca(BH4)2�xCO-
(NH2)2, x = 2, 4, and 6. The highest cationic conductivity is
observed for a composite with average composition Ca(BH4)2–
6.52CO(NH2)2, s(Ca2+) = 1.23 � 10�4 S cm�1 at 70 1C.155

A series of crystalline methylamine calcium tetrahydridobo-
rates, Ca(BH4)2�xCH3NH2, x = 1, 2, 4, 6 were also discovered.
The compound Ca(BH4)2�2NH2CH3 has a conductivity of
s(Ca2+) B 10�5 S cm�1 at T = 70 1C and high ionic transport
number close to unity, tion = 0.9916. This is assigned to a
relatively open and flexible octahedral structure built from
layers of [Ca(NH2CH3)2(BH4)4] complexes in a cis-geometry,
connected by apolar moieties and weak dihydrogen bonds.
An electrochemical cell demonstrated plating and stripping of
calcium.156 Although thermal stability generally decreases
with increasing CH3NH2 content, the mechanical and thermal
stability was increased for nanocomposites, which also
showed an increase in the ionic conductivity, e.g. Ca(BH4)2�
4CH3NH2–MgO (50 wt%), s(Ca2+) = 1.3 � 10�4 S cm�1 at
60 1C.157 These studies indicate that higher calcium ionic
conductivities are observed for derivatives with a higher con-
tent of neutral molecules, in contrast to magnesium tetra-
hydridoborate derivatives (Fig. 5).

4.3. Closo-Borates as electrolytes

Early studies focussed on derivatives of tetrahydridoborate
(BH4

�) systems as described above, but research has recently
shifted towards the use of closo-decaborates (B10H10

2�) and
closo-dodecaborates (B12H12

2�) (Fig. 6). The larger closo-borates
and closo-carbaborates have polymorphic order/disorder transi-
tions from low-temperature (LT) ordered to high-temperature
(HT) disordered structures. These transitions are related to
dynamics of the anion lattice, i.e. rotation, reorientation and/
or vibration of anions. This motion in the anion lattice can be
correlated with cation migration, denoted the ‘paddle-wheel’
mechanism, which is often observed as the step-wise increase
of cationic conductivity.158,159

The interest in metal closo-borates as electrolytes was
initiated by the investigation of Li2B12H12 with significant
anion disorder in the high temperature polymorph.160,161 More-
over, the large composite borate anions have a low charge,
typically �1 or �2, which provides a low charge density and
weaker interaction with cations.162 A recent study demon-
strated that introducing strain and/or defects into the Li2B12H12

crystal lattice by ball milling can improve ionic conductivity,
while partial thermal decomposition at 380 1C leads to an
increase in Li+ conductivity by B 2 orders of magnitude com-
pared to the pristine material (s(Li+) = 1.03 � 10�6 S cm�1 at
30 1C and s(Li+) = 1.74 � 10�8 S cm�1, respectively).163 Future
work on modifications of these closo-borates could improve their
ionic conductivity and electrochemical stability as solid-state
electrolytes.

The direct synthesis of double anion closo-borates, such as
Na4(B12H12)(B10H10), has also been successfully used for the
formation of functional electrolytes with fast sodium conductivity
of s(Na+) B 1 mS cm�1 at 25 1C.164 Related advances in solid
electrolytes have enabled anode-free all-solid-state sodium bat-
teries with stable cycling, underscoring the relevance of hydride-
based electrolytes for next-generation architectures.165

Fig. 5 Calcium ionic conductivity as a function of temperature for derivatives of calcium tetrahydridoborate compared to that of known oxide,
phosphate and hydrido-closo-(carba)borate based electrolytes. Raw data presented in Fig. 5 are published in ref. 155–157.
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Over the past few decades, it has been shown that these
higher borates have large structural flexibility and can provide
high ionic conductivities. Further insights allowed for investi-
gations of monovalent closo-carbaborates (e.g. CB11H12

�) and
nido-borates (e.g. B11H14

�), which were potentially more weakly
coordinated to cations due to their weaker anionic charge.

4.4. Nido-borates as electrolytes

Alkali-B11H14 salts can be conveniently prepared from NaBH4

via a single step low-cost reaction.166 The hydrated LiB11H14

and NaB11H14 salts display high RT ionic conductivities near
1 � 10�4 S cm�1 and 1 � 10�3 S cm�1, respectively. Similar to
the closo-carbadodecaborates, thermal decomposition results
in hydroxylation of the anion, but even in the hydrated state the
salts present an oxidative stability above 2 V vs. Li+/Li.166

Interestingly, LiB11H14�2H2O is an ionic liquid that melts at
70 1C and can be used as a liquid electrolyte.167 If water is
removed from the material, resulting in LiB11H14�(H2O)n (n o
2), it remains solid at these temperatures, but exhibits an
enhanced ionic conductivity of 3.2 � 10�2 S cm�1.167 Hybrid
solid–liquid battery cells made from LiB11H14 composites show
impressive cycling with a TiS2 cathode and metallic Li anode
due to improved SSE/Li contact.167 Analogous to the B11H14

�

anion is the divalent B11H13
2�, where Na2B11H13 shows a

similar ionic conductivity to that of the corresponding closo-
carbadodecaborate, but lower than that of NaB11H14.168 The
ionic conductivity of Na2B11H13 is improved at room tempera-
ture to almost 1 � 10�4 S cm�1 through anionic mixing to form
Na11(B11H14)3(B11H13)4, which is a higher ionic conductivity
than that of hydrated NaB11H14.168

4.5. Derivatives of higher borates as electrolytes

CB11H12
� is a carbon-substituted closo-dodecaborate anion.

Other substitutions can also be used as weakly coordinating
anions to form interesting derivatives. For example, the term-
inal hydrogen atom, B–H unit in B12H12

2�, can be substituted
by a heavy metal atom, such as Pb, to form a B11H11Pb2� anion.
Li2B11H11Pb�xH2O shows ionic conductivities of up to 7 mS cm�1

at 120 1C and an oxidative stability of 2.3 V vs. Li+/Li.169 Substitu-
tion can also be undertaken with Sn, where Li2B11H11Sn shows an
ionic conductivity of 8 mS cm�1 at 130 1C and similar oxidative
stability.170 Alternatively, instead of substituting a B–H unit, one

can substitute a single H atom on the B12H12
2� anion with an

ammonia group to form the monovalent B12H11NH3
� anion.

Structural similarities exist between Na2B12H12 and NaB12H11NH3

with high temperature polymorphic phase transitions resulting
in the ionic conductivity of both Li and NaB12H11NH3 above 1 �
10�4 S cm�1 at 200 1C.171 These ionic conductivities far exceed
those displayed by other derivatives such as the class of alkali
metal B12(OH)12

2� compounds (o1 � 10�4 S cm�1 at 250 1C) or
the halogenated variants, B12X12

2�, where X = Cl, Br, or I, which
only reach high ionic conductivity (0.1 S cm�1) at 500 1C.172,173

It is not only the closo-borates that display interesting structural
properties and ionic conductivities. The alkali alkoxyborates
also show interesting ionic conductivities approaching 1 �
10�2 S cm�1 below 200 1C, which may offer cheaper options
for future research studies that approach industrial require-
ments for cost and scalability.174

4.6. Borates in organic liquid or polymeric matrix as
electrolytes

To date, the majority of ion conductor research, with respect
to boron-based hydrides, has been in the solid-state. However,
an increasing amount of research has focused on the electro-
chemical properties of boron-based hydrides in organic sol-
vents and polymer composites. The unique ability of boron-
based hydrides to function as ion conductors in the pure solid-
state, solution, and composites sets them apart from the other
classes of electrolytes currently used in commercial batteries
(LiPF6, LiClO4, LiN(SO2CF3)2) and those investigated for solid-
state batteries (oxides, sulphides, and halides). This feature
could enable the rational design and tailoring of the hydro-
borate electrolyte system for specific applications (i.e. vehicular,
stationary, extreme conditions). The majority of research using
hydroborate in liquid electrolytes has focused on divalent
battery chemistries such as Mg2+ and Ca2+, while there are very
few studies on Li+.175,176 The early seminal work of Mohtadi
using Mg(BH4)2 as a liquid electrolyte in a Mg/Mo6S8 cell
highlighted the importance of solvent selection and additives
such as LiBH4 to achieve favourable electrochemical proper-
ties.177 Subsequent work evaluated the impact of various sol-
vent systems and additives such as ionic liquids, glymes, and
crown ethers on the electrochemical, solvation dynamics, and
interface properties.178–183 The reactive nature of the BH4

�,

Fig. 6 Structure of selected hydridoborate anions. (A) Dodecahydrido-closo-dodecaborate(2�) anion, B12H12
2�, in an ordered structure. (B) Dodeca-

hydrido-closo-dodecaborates anion, B12H12
2�, in a disordered structure where the anion is statistically or dynamically distributed over two crystal-

lographic positions. (C) Dodecahydrido-closo-monocarbadodecaborate(1�), CB11H12
�. (D) Tetradecahydrido-nido-undecaborate(1�), B11H14

�.
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and incompatibility with high-voltage cathodes, led to the
emergence of the magnesium monocarbaborate (MMC) elec-
trolyte, e.g. Mg(CB11H12)2 in tetraglyme.184–186 Using the MMC
dissolved in diglyme or tetraglyme as the liquid electrolyte, a
highly stable and efficient battery with a high-voltage organic
cathode was recently demonstrated.187 The development of
calcium ion batteries has lagged behind that of magnesium
given the first demonstration of reversible electrochemical
plating and stripping of calcium was reported in 2018 for a
Ca(BH4)2–THF liquid electrolyte.188 The interphase formation/
evolution and solvation environment have also been evaluated
at the molecular level.189–191 Mirroring the development of
magnesium liquid electrolytes, the use of a calcium mono-
carborane (CMC) in a THF/DME solvent mixture facilitated the
charge and discharge of a Ca/S battery.192

The development of gel polymer and free-standing polymer
electrolytes utilising boron hydrides has also been recently
investigated. The use of polymer electrolytes could improve
the energy density and reduce the interfacial resistance that
often plagues many solid-state electrolytes. This could also help
reduce the quantity of boron-hydride needed for a battery and
allow for the use of tape casting for the electrolyte layer during
cell assembly. Both advantages could lead to a significant
reduction in the cost of battery manufacturing if commercia-
lised. Free standing polyethylene oxide (PEO) based polymer
electrolyte films have been demonstrated using Mg(BH4)2 and
LiBH4.193–195 However, the ionic conductivity at or near room
temperature is relatively low (o10�5 S cm�1) requiring the
addition of heat to increase the conductivity and to facilitate
reversible cation insertion/extraction with a cathode. To over-
come these issues, recent work has turned to gel polymer
electrolytes (GPE) which incorporate a plasticiser into the
polymer and can achieve high ionic conduction at room
temperature (410�4 S cm�1) and reduced interfacial resis-
tance. GPEs have been developed by incorporating Ca(BH4)2,
Mg(BH4)2, LiBH4, or Li2B12H12 into polymers such as PVDF,
p-THF, and PMMA.196–200 These GPEs have shown the ability to
allow battery cycling at or below room temperature and to
prepare flexible batteries. Recent work has also demonstrated
that it is possible to anchor and immobilise lithium mono-
carborane on a polymer to form liquid crystal electrolytes which
could lead to new opportunities for future electrolyte designs
and opportunities.201,202

5. Hydrides as superconductors

Since the theoretical prediction of metallic hydrogen in 1935
and the subsequent prediction of it possessing superconduc-
tivity at or near room temperature, an ongoing quest has been
undertaken to create this still elusive state of hydrogen.203,204

The concept of hydrogen ‘‘precompression’’, through the use of
metal hydrides, represented a possible avenue to overcome the
extreme pressures needed to achieve the density of metallic
hydrogen in materials under experimentally achievable pres-
sures.205 This concept led to the prediction of stable hydrogen

clathrate-like structures composed of weakly covalent bonding
hydrogen atoms with a lanthanide (Ln) atom at the centre
of the hydrogen cage.206 These structures were predicted to
possess critical superconducting transition temperatures (Tc)
approaching room temperature. However, these structures are
only stable at pressures 4 100 GPa requiring the use of
diamond anvil cell (DAC) conditions. This theoretical predic-
tion was then confirmed experimentally through the observa-
tion of superconductivity in a LaH10 species at 250 K under
150 GPa of pressure.207 Since this report, a number of other
binary lanthanide hydride phases with Tc values greater than
100 K (YH9 at 243 K and 201 GPa,208 CeH9 at 115 K and
95 GPa,209 and ThH10 at 159 K and 174 GPa210) have been
shown to be stable and display behaviour consistent with
superconductivity (i.e. resistance, R = 0 O below the Tc). These
clathrate-like phases of lanthanide hydrides significantly
exceed the expected stoichiometry of typical lanthanide
hydrides (LnHx, x r 3) that can be readily achieved at pressures
available from commercial hydrogen gas cylinders.

Non-lanthanide hydride species have been experimentally
verified as possessing properties consistent with superconduc-
tivity, such as CaH6 at 210 K and 160 GPa,211 H3S at 260 K and
160 GPa,212 and SnHx at 70 K and 200 GPa.213 Much like the
lanthanide hydrides, these species also possess a metal to
hydrogen stoichiometry that exceeds what would be expected
for stable ambient pressure hydrides for these metals (i.e. CaH2

and SnH4). Alloys and multi-element hydrides have also been
experimentally confirmed to behave like superconductors with
notable examples including (La,Ce)H9 at 176 K and 100 GPa,214

(Y,Ce)H9 at 131 K and 114 GPa,215 (La,Y)H10 at 253 K and
183 GPa,216 and (LaCeY)H10 at 190 K and 112 GPa.217

Superconductivity in these materials is attributed to the
contribution of high electronic densities of states at the Fermi
level and strong electron–phonon coupling due to the high
density of hydrogen, with some reports consistent with Bard-
een–Cooper–Schrieffer (BCS) superconductivity theory.218

While the results on superconductivity in metal hydrides have
led to the rapid expansion of this field, there are some who call
into question these results and make counter arguments for
these materials not being superconductive at all.219,220 This
stems from the recent retraction of many high profile super-
conductivity claims, accusations of academic fraud, lack of
reproducible results on such small sample sizes (typically on
the microgram scale), and difficulty in measuring other hall-
marks of superconductivity like the Meissner Effect in DAC on
extremely small samples.221 This opens the door for further
advancement in this field by developing advanced measure-
ment techniques or devising new strategies to stabilise hydride
superconductors and similar high-pressure phases for charac-
terisation near ambient pressure. For example, recent theo-
retical predictions suggest that certain perovskite hydrides
(ABH3) can be superconductive between 140 and 170 K below
10 GPa, while ternary hydrides such as a metastable Mg2IrH6

may be superconductive at 160 K at ambient pressure.222,223

Also, partial hole doping of Ca(BH4)2 through replacement of
Ca with K in the structure could potentially achieve ambient
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pressure superconductivity at 110 K.224 In addition, recent
studies have also demonstrated that nanosizing and noncon-
finement of lanthanide hydrides could stabilise higher order
hydrides at pressures much lower than the bulk lanthanide
hydride.225,226 Most recently, it was predicted that Al substi-
tuted Mg2FeH6 hydride could exhibit superconductivity at a
critical temperature of about 130 K under ambient pressure
conditions.227 This finding provides a promising pathway
toward the development of practical high-temperature super-
conductors.

6. New approaches to hydride
synthesis
6.1. Overview

Mechanochemical techniques, e.g. ball milling, are widely used
in various scientific fields, particularly in synthesising solid-
state hydrogen storage materials.228 Despite significant advan-
tages, historically, mechanochemistry has been associated with
several limitations such as imprecise control over reaction
conditions (e.g., temperature and energy input),229 leading to
inconsistent outcomes and scalability issues. In addition, the
fundamental mechanisms behind mechanochemical reactions
were poorly understood, causing debate about the reliability
and reproducibility of the results. However, monitoring the
mechanochemical synthesis by in situ powder X-ray diffraction
can reveal unexpected insight into the reaction mechanism
such as short-lived, metastable intermediates, as observed in
the synthesis of metal-organic framework ZIF-8.230 Advances in
mill design now allow controlled temperature and pressure
environments, while the development of in situ and operando
diagnostic techniques (e.g. X-ray diffraction, Raman spectro-
scopy and calorimetry during milling) has significantly
improved insight into reaction pathways and kinetics.231

Recent advancements have shown that combining mechan-
ochemical processes with other energy sources, such as light
(photo-mechanochemistry), sound (sono-mechanochemistry),
electrical fields or impulses (electro-mechanochemistry), and
heat (thermo-mechanochemistry), can overcome traditional
activation energy barriers and show promise for the synthesis
of hydrogen storage materials.232 These hybrid approaches
enhance control over reaction conditions, enable novel reac-
tions, increase reaction rates and selectivity, and allow for the
synthesis of products that are not achievable through conven-
tional mechanochemical methods alone. As a result, these
hybrid techniques can overcome traditional barriers233 and
are becoming useful in the field of hydrogen storage materials.
Alternatively, a counterintuitive way of performing mechani-
cally induced reactions with theoretically very low energies
(without using grinding media) has also gained popularity
and can produce contamination-free products with yields
higher than those of classical methods.234–236 Mechanochem-
istry also provides a way to eliminate the need for bulk solvents
used in organic synthesis and can reduce both contamination
and the generation of waste. Mechanochemistry approaches

can enable different reaction mechanisms and thereby new
strategies for synthesis and reaction products not readily
accessible by solution based methods.237

6.2. High-temperature reactive milling

High-temperature reactive milling (HTRM) was among the first
methods used for synthesising magnesium hydride, MgH2.
In 1961, Dymova et al.238 used a rotating stainless steel auto-
clave in a furnace to synthesise MgH2 with a 97–98% yield,
using iodine as a catalyst and solved issues previously observed
by Wiberg et al.239 Huot et al.240 introduced a high-temperature
milling method under hydrogen with the addition of graphite.
This significantly accelerated the initial hydrogenation process
of magnesium, achieving complete hydrogenation in about one
hour. This method combined high temperature (300 1C), hydro-
gen pressure (4 bar), and graphite additives to enhance the
synthesis efficiency and hydrogen sorption properties of mag-
nesium hydride. Recently, Baran et al. proposed an original
method using a high-energy planetary ball mill redesigned to
control temperatures up to 450 1C and hydrogen pressure up to
100 bar.15 They synthesised magnesium hydride under con-
trolled conditions, finding that higher temperatures enhance
reaction rates and yields. However, they found that applying
the same technique to synthesise ternary hydrides, such as
Mg2FeH6, Mg2NiH4 or Mg2CoH5, encountered issues such as an
agglomeration of transition metals, requiring further optimiza-
tion of milling parameters and experimenting with different
(more brittle) materials.241–243

6.3. Low-energy reactive milling

Despite the advantages that ball milling provides (i.e. high
stress and strain in reactant particles), it can also result in
significant introduction of contamination, uncontrolled phase
transformations, and local overheating. This variability has
led to the development of low-energy mechanochemical appro-
aches without grinding media. For instance, Pistidda et al.
investigated the hydrogenation of magnesium diboride,
MgB2, using low-energy milling, showing that particle colli-
sions were sufficient to facilitate the reduction of crystallite
size, increase lattice strain, and cause hydrogen uptake of
2.1 wt% using operating parameters of 550 rpm for 50 h.234

Patel et al. applied a similar approach to solve the difficulties
of activation of intermetallic FeTi.235 Room temperature acti-
vation was demonstrated without modification of FeTi by
alloying elements244 or heat treatment, with a near theoretical
hydrogen capacity being achieved (1.8 wt%). Wyrebska et al.
demonstrated the spontaneous room temperature reaction of
titanium, and its alloys, with hydrogen during self-shearing
reactive milling.236 Using this cost-effective method, titanium
hydride was synthesised at close to a 100% yield. These
studies highlight the potential of low-energy mechanochem-
istry in synthesising advanced hydrogen storage materials
under moderate conditions, achieving contamination-
free and cost-effective synthesis of various hydrogen storage
materials.
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7. Conclusions and outlook

Hydrogen-based materials show highly interesting and promis-
ing properties for a wide range of energy-related applications
including hydrogen storage and compression, electrochemical
energy storage and superconductivity.

Nanoporous materials such as carbons, MOFs, COFs, and
hydride-based frameworks remain potential hydrogen storage
materials, due to their tuneable pore structures and high sur-
face areas, as well as good reversibility at moderate pressures.
However, practical or commercial implementation is limited
by the low adsorption enthalpies which require cryogenic
conditions, low volumetric capacities, high synthesis costs,
and poor structural stability with cycling. Despite this, progress
in tuning pore size distributions, introducing functional groups,
doping, densification, and forming hybrid or composite materials
has advanced the scope of applications.

Hydrides offer the advantage of high volumetric hydrogen
storage density and safe hydrogen storage even under ambient
conditions and are also suitable for long time storage. Challenges
remain to improve either the thermodynamics or kinetics, and
reversibility of those hydrides that show the highest gravimetric
storage densities. However, new approaches have been shown
both to improve the key properties of hydrogen rich materials
for hydrogen storage and to design completely new classes of
materials and/or modify the mechanisms for hydrogen uptake
and release.

New synthesis techniques, scalable processing, and improved
thermal management strategies have the possibility of reducing
costs, and computational modelling and AI provide inspiration
for future avenues for development of optimised materials.
Furthermore, theoretical approaches may also help to discover
novel super-hydrides with unexpected, extremely high hydro-
gen contents, which may be superconducting at temperatures
approaching ambient conditions.

Generally, many solid-state hydridoborates have been found
to have extremely high cationic conductivity, both for mono-
valent cations, such as Li+, Na+, K+ or Ag+, and remarkably also
for divalent cations, e.g. Mg2+ or Ca2+. They also have ionic
transport numbers close to one (t+ B 1), which contrasts with
polymeric and liquid electrolytes (t+ B 0.5).245 Solid state
hydridoborate electrolytes also reveal very high charge carrier
selectivity with no indication of any H+, H� or anion mobility
and extremely low electronic conductivity.1 Thus, future solid-
state batteries are expected to have faster charge and discharge
as compared to the commercial lithium-ion batteries known
today. Furthermore, hydridoborates are stable towards metallic
anodes and have a tendency for increasing oxidative stability
with increasing number of boron atoms in the anion. Thus,
tetrahydridoborate has a relatively low oxidative stability but
tends to be oxidised to closo-borates, e.g. B12H12

2�.246 As an
example, lithium tetrahydridoborate, LiBH4, can be oxidised to
form Li2B12H12, which may dimerise to B24H23

3� or trimerize to
B36H34

4� polyanions. Metal hydridoborates are known to have
low material density, which contributes to increasing the energy
densities of the electrochemical cell.247 Metal hydridoborates are

soft and compactable materials, with high deformability and good
ability to form interfaces with good contact towards electrodes,
e.g. upon mechanical cold pressing.158 They are also known
to have high chemical stability and are compatible with halides
and oxides and can form double anion compounds such as
Ag3(B12H12)I and LiCa3(BH4)(BO3)2.248,249 Metal hydridoborates
have high stability towards halides and oxides and provide a
variety of possible combinations with known electrolytes. This
highlights hydridoborates as a very promising class of solid-state
electrolytes with a range of prolific properties, which may be the
foundation for future solid-state batteries.
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Y. Filinchuk, R. Černý and A. Meden, Inorg. Chem., 2022, 61,
12708–12718.

53 L. A. M. Mahmoud, J. L. Rowlandson, D. J. Fermin, V. P. Ting and
S. Nayak, RSC Appl. Interfaces, 2025, 2, 25–55.

54 K. Mondal, S. J. Malode, N. P. Shetti, S. A. Alqarni, S. Pandiaraj and
A. Alodhayb, J. Energy Storage, 2024, 76, 109719.

55 D. E. Jaramillo, H. Z. H. Jiang, H. A. Evans, R. Chakraborty,
H. Furukawa, C. M. Brown, M. Head-Gordon and J. R. Long,
J. Am. Chem. Soc., 2021, 143, 6248–6256.

56 W. A. Braunecker, S. Shulda, M. B. Martinez, K. E. Hurst,
J. T. Koubek, S. Zaccarine, R. E. Mow, S. Pylypenko, A. Sellinger,
T. Gennett and J. C. Johnson, ACS Mater. Lett., 2020, 2, 227–232.

57 Y. Yabuuchi, H. Furukawa, K. M. Carsch, R. A. Klein,
N. V. Tkachenko, A. J. Huang, Y. Cheng, K. M. Taddei, E. Novak,
C. M. Brown, M. Head-Gordon and J. R. Long, J. Am. Chem. Soc.,
2024, 146, 22759–22776.

58 D. Senthil Raja and D. H. Tsai, Chem. Commun., 2024, 60,
8497–8515.

59 Q. Fu, W. Niu, L. Yan, W. Xie, H. Jiang, S. Zhang, L. Yang, Y. Wang,
Y. Xing and X. Zhao, Mater. Lett., 2023, 343, 134344.

60 H.-Y. Wu, C.-L. Wu, W. Liao, B. M. Matsagar, K.-Y. Chang, J.-H.
Huang and K. C. W. Wu, J. Mater. Chem. A, 2023, 11, 9427–9435.

61 L. Qiao, C. Lu, W. Fan, Z. Xue, X. Wang, Z. Kang and D. Sun, Int.
J. Hydrogen Energy, 2024, 93, 805–821.

62 S. Elyasi, S. Saha, N. Hameed, P. J. Mahon, S. Juodkazis and
N. Salim, Int. J. Hydrogen Energy, 2024, 62, 272–306.

63 J. Serafin, B. Dziejarski, C. Solis, P. Ramı́rez de la Piscina and
N. Homs, Fuel, 2024, 363, 130975.

64 E. Tsalaporta and J. M. D. MacElroy, Heliyon, 2020, 6, e04883.
65 Y. Ming, J. Purewal, J. Yang, C. Xu, M. Veenstra, M. Gaab, U. Müller

and D. J. Siegel, Int. J. Hydrogen Energy, 2016, 41, 9374–9382.
66 T. C. Wang, J. L. White, B. Bie, H. Deng, J. Edgington, J. D. Sugar,

V. Stavila and M. D. Allendorf, ChemPhysChem, 2019, 20,
1305–1310.
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R. Černý and T. R. Jensen, Inorg. Chem., 2020, 59, 12733–12747.

84 S. Filippov, J. B. Grinderslev, M. S. Andersson, J. Armstrong, M.
Karlsson, T. R. Jensen, J. Klarbring, S. I. Simak and
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Y. Nakamura and B. C. Hauback, Acta Mater., 2021, 205, 116496.

101 B. Cheng, L. Kong, H. Cai, Y. Li, Y. Zhao, D. Wan and Y. Xue, Int.
J. Hydrogen Energy, 2024, 60, 282–292.

102 M. Dornheim, L. Baetcke, E. Akiba, J.-R. Ares, T. Autrey, J. Barale,
M. Baricco, K. Brooks, N. Chalkiadakis, V. Charbonnier, S.
Christensen, J. Bellosta von Colbe, M. Costamagna, E. Dematteis,
J.-F. Fernández, T. Gennett, D. Grant, T. W. Heo, M. Hirscher,
K. Hurst, M. Lototskyy, O. Metz, P. Rizzi, K. Sakaki, S. Sartori,
E. Stamatakis, A. Stuart, A. Stubos, G. Walker, C. J. Webb, B. Wood,
V. Yartys and E. Zoulias, Prog. Energy, 2022, 4, 042005.

103 V. A. Yartys, M. V. Lototskyy, V. Linkov, S. Pasupathi, M. W. Davids,
I. Tolj, G. Radica, R. V. Denys, J. Eriksen, K. Taube, J. Bellosta von
Colbe, G. Capurso, M. Dornheim, F. Smith, D. Mathebula,
D. Swanepoel and S. Suwarno, Int. J. Hydrogen Energy, 2021, 46,
35896–35909.

104 J. C. Crivello, R. V. Denys, M. Dornheim, M. Felderhoff,
D. M. Grant, J. Huot, T. R. Jensen, P. de Jongh, M. Latroche,
G. S. Walker, C. J. Webb and V. A. Yartys, Appl. Phys. A, 2016, 122,
85–101.

105 V. A. Yartys, M. V. Lototskyy, E. Akiba, R. Albert, V. E. Antonov,
J. R. Ares, M. Baricco, N. Bourgeois, C. E. Buckley, J. M. Bellosta von
Colbe, J. C. Crivello, F. Cuevas, R. V. Denys, M. Dornheim,
M. Felderhoff, D. M. Grant, B. C. Hauback, T. D. Humphries,
I. Jacob, T. R. Jensen, P. E. de Jongh, J. M. Joubert, M. A.
Kuzovnikov, M. Latroche, M. Paskevicius, L. Pasquini,
L. Popilevsky, V. M. Skripnyuk, E. Rabkin, M. V. Sofianos,
A. Stuart, G. Walker, H. Wang, C. J. Webb and M. Zhu, Int.
J. Hydrogen Energy, 2019, 44, 7809–7859.

106 A.-L. Chaudhary, S. Dietzel, H.-W. Li, E. Akiba, N. Bergemann,
C. Pistidda, T. Klassen and M. Dornheim, Int. J. Hydrogen Energy,
2017, 42, 11422–11428.

107 M. Dornheim, S. Doppiu, G. Barkhordarian, U. Boesenberg,
T. Klassen, O. Gutfleisch and R. Bormann, Scripta Mater., 2007,
56, 841–846.

108 C. J. Webb, J. Phys. Chem. Solids, 2015, 84, 96–106.
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R. Černý and T. R. Jensen, Chem. Commun., 2020, 56, 3971–3974.

152 R. Zhang, W. Zhao, Z. Liu, S. Wei, Y. Yan and Y. Chen, Chem.
Commun., 2021, 57, 2380–2383.

153 W. Zhao, R. Zhang, H. Li, Y. Zhang, Y. Wang, C. Wu, Y. Yan and
Y. Chen, ACS Appl. Mater. Interfaces, 2021, 13, 31635–31641.

154 J. B. Grinderslev, L. N. Skov, J. G. Andreasen, S. Ghorwal, J. Skibsted
and T. R. Jensen, Angew. Chem., Int. Ed., 2022, 134, e202203484.

155 M. B. Amdisen and T. R. Jensen, Chem. Mater., 2025, 37,
1183–1194.

156 L. N. Skov, J. B. Grinderslev, T. S. S. Kjaer, L. R. Kristensen and
T. R. Jensen, Angew. Chem., Int. Ed., 2025, 64, e202500613.

157 J. B. Grinderslev, L. N. Skov, L. R. Kristensen and T. R. Jensen,
Angew. Chem., Int. Ed., 2025, 64, e202510493.
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D’Angelo, C. E. Buckley and M. Paskevicius, Sustain. Energy Fuels,
2022, 6, 4614–4625.

168 D. H. P. Souza, A. M. D’Angelo, T. D. Humphries, C. E. Buckley and
M. Paskevicius, Dalton Trans., 2022, 51, 13848–13857.

169 T. A. Hales, K. T. Møller, T. D. Humphries, A. M. D’Angelo, C. E.
Buckley and M. Paskevicius, J. Phys. Chem. C, 2023, 127, 949–957.

170 T. A. Hales, K. T. Møller, T. D. Humphries, A. M. D’Angelo,
C. E. Buckley and M. Paskevicius, Phys. Chem. Chem. Phys., 2023,
25, 31249–31256.

171 S. R. H. Jensen, M. Jørgensen, T. P. T. Nguyen, G. Nolan,
C. E. Buckley, T. R. Jensen and M. Paskevicius, Dalton Trans.,
2024, 53, 7619–7627.

172 B. R. S. Hansen, M. Paskevicius, M. Jørgensen and T. R. Jensen,
Chem. Mater., 2017, 29, 3423–3430.

173 M. Jørgensen, S. R. Jensen, T. D. Humphries, M. R. Rowles,
M. V. Sofianos, C. E. Buckley, T. R. Jensen and M. Paskevicius,
J. Phys. Chem. C, 2020, 124, 11340–11349.

174 A. Berger, A. Ibrahim, T. A. Hales, A. M. D’Angelo, C. E. Buckley and
M. Paskevicius, Dalton Trans., 2024, 53, 3638–3653.

175 M. Green, H. Simonyan, K. Kaydanik and J. A. Teprovich, Appl. Sci.,
2022, 12, 2273.

176 H. Simonyan, L. Zhong, M. M. Green, K. Movsesyan, A. Fraire,
P. A. Ward, K. C. Lau and J. A. Teprovich, Jr., ACS Appl Mater
Interfaces, 2024, 16, 70028–70037.

ChemComm Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 3
/1

9/
20

26
 4

:2
0:

10
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc05834a


4494 |  Chem. Commun., 2026, 62, 4477–4495 This journal is © The Royal Society of Chemistry 2026

177 R. Mohtadi, M. Matsui, T. S. Arthur and S.-J. Hwang, Angew. Chem.,
Int. Ed., 2012, 51, 9780–9783.

178 I. Weber, J. Ingenmey, J. Schnaidt, B. Kirchner and R. J. Behm,
ChemElectroChem, 2021, 8, 390–402.

179 F. Tuerxun, K. Yamamoto, M. Hattori, T. Mandai, K. Nakanishi,
A. Choudhary, Y. Tateyama, K. Sodeyama, A. Nakao, T. Uchiyama,
M. Matsui, K. Tsuruta, Y. Tamenori, K. Kanamura and Y.
Uchimoto, ACS Appl. Mater. Interfaces, 2020, 12, 25775–25785.

180 S. Su, Y. NuLi, N. Wang, D. Yusipu, J. Yang and J. Wang,
J. Electrochem. Soc., 2016, 163, D682.

181 D. Zhang, Y. Sun, X. Liu, Y. Zhang, R. Wang, Y. Zhao, M. Pan,
Y. Wang, S. Chen, M. Zhou, Y. Chen, J. Yang, J. Wang and Y. NuLi,
ACS Energy Lett., 2024, 9, 2685–2695.

182 N. T. Hahn, J. Self, K. S. Han, V. Murugesan, K. T. Mueller,
K. A. Persson and K. R. Zavadil, J. Phys. Chem. B, 2021, 125,
3644–3652.

183 T. Watkins, A. Kumar and D. A. Buttry, J. Am. Chem. Soc., 2016, 138,
641–650.

184 O. Tutusaus, R. Mohtadi, T. S. Arthur, F. Mizuno, E. G. Nelson and
Y. V. Sevryugina, Angew. Chem., Int. Ed., 2015, 54, 7900–7904.

185 O. Tutusaus, R. Mohtadi, N. Singh, T. S. Arthur and F. Mizuno, ACS
Energy Lett., 2017, 2, 224–229.

186 R. Jay, A. W. Tomich, J. Zhang, Y. Zhao, A. De Gorostiza, V. Lavallo
and J. Guo, ACS Appl. Mater. Interfaces, 2019, 11, 11414–11420.

187 H. Dong, O. Tutusaus, Y. Liang, Y. Zhang, Z. Lebens-Higgins,
W. Yang, R. Mohtadi and Y. Yao, Nat. Energy, 2020, 5, 1043–1050.

188 D. Wang, X. Gao, Y. Chen, L. Jin, C. Kuss and P. G. Bruce, Nat.
Mater., 2018, 17, 16–20.

189 S. A. McClary, D. M. Long, A. Sanz-Matias, P. G. Kotula,
D. Prendergast, K. L. Jungjohann and K. R. Zavadil, ACS Energy
Lett., 2022, 7, 2792–2800.

190 A. M. Melemed, D. A. Skiba, K. J. Steinberg, K.-H. Kim and B. M.
Gallant, J. Phys. Chem. C, 2023, 127, 19886–19899.

191 Z. Yang, N. J. Leon, C. Liao, B. J. Ingram and L. Trahey, ACS Appl.
Mater. Interfaces, 2023, 15, 25018–25028.

192 K. Kisu, S. Kim, T. Shinohara, K. Zhao, A. Züttel and S. Orimo, Sci.
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Rev. Chem., 2023, 7, 51–65.

234 C. Pistidda, A. Santhosh, P. Jerabek, Y. Shang, A. Girella,
C. Milanese, M. Dore, S. Garroni, S. Bordignon, M. R. Chierotti,
T. Klassen and M. Dornheim, J. Phys. Energy, 2021, 3, 044001.

Review Article ChemComm

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 3
/1

9/
20

26
 4

:2
0:

10
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc05834a


This journal is © The Royal Society of Chemistry 2026 Chem. Commun., 2026, 62, 4477–4495 |  4495

235 A. K. Patel, D. Siemiaszko, J. Dworecka-Wójcik and M. Polański,
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236 I. Wyrębska, K. Tomczyk, D. Siemiaszko, D. Zasada, J. Dworecka-
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